The opportunities for recovery of chromim'(II1) in cattlehide tanneries were investigated by reviewing the recent literature on chromium recovery techniques, performing an intensive sampling and analysis program in such a plant, and conducting a series of laboratory'treatability studies. It was concluded that direct reuse of spent tanning liquours provided the most costeffective means of,recovering soluble chromium from this source. Recovery from incineration. The cost-effectiveness of this approach will depend upon numerous external factors, however.
BACKGROUND
The technical feasibility of recovering chromium from tannery wastewater was demonstrated during World War 11. The economics of the process were found t o be unacceptable when the war was over, however [2] . In the intervening years, numerous attempts have been made to find technically and economically viable means for recovering the chromium. This literature survey is a summary of the research that has been conducted since 1950. The r e s u l t s of the survey are divided into two broad categories: process change and chromium recovery.
The f e a s i b i l i t y of process change is strongly dependent on the effect the changes have on the product leather.
They are presented here for completeness and because they have potential for significant savings.
They are not considered i n t h e experimental work reported here because they are beyond the scope of t h i s study. The chromium recovery systems t h a t a r e reviewed include: activated carbon adsorption; resin ion exchange; liquid ion exchange; precipitation/dissolution; and incineration.
Process Chanee
Harnley [ 3 ] f i r s t proposed direct recycle of chromium liquors by the replenishment method i n 1951. I n this process change, the spent liquor was adjusted to the. orlginal volume and refortified with chromium, salts and masking agents as required. Experiments conducted by Berund [4] and Thorstensen [SI i n a paddle tanning system revealed that the number of cycles that could be carried .
.
out was limited because of the build-up of salts. Hiller [6] . Davis and Scrogbie 17-12], Covington [13] and Arnold and Covington [ N ] , conducted studies of recycle with replenishment i n drum tanning systems. Davis and Scraggie performed tests ranging from laboratory scale to ful1,scale. In general they found that, using Baychrome A and Chromosal B i n laboratoryscale tests, they were able to recycle the chromium liquors 13 times over a three week period with no deleterious effect on the product leather. Sephadex gel chromatography was used t o observe t h e d i f f e r e n t i a l uptake of the various chromium species (Figure 1) .
The results indicate that the chromium tanning liquors contain essentially the same molecular weight and charge d i s t r i b u t i o n of complexes a t the beginning and end of t h e f i r s t and t h i r t e e n t h cycle. Three f u l l -s c a l e t r i a l s were run a t three different tanneries.
Seven, nine and eighteen cycles of reuse were examined. In each case the trials were terminated solely on the grounds of convenience. I t was consistently found t h a t sulphate salts b u i l t up i n the f i r s t 3 t o 4 cycles and then leveled off ( Figure  2 ) . This salt was shown t o be removed during subsequent w e t processing of the leather. The leather was examined by experienced tannery personnel for "feel." grain appearance, "break," veininerr. Lastowr distention a t grain crack, and burst. From run 3 on, the finished leather showed no consistent difference between the matched controls and those processed with recycled chromium. One of exhaustion.was not due t o t h e presence of inactive complexes i n t h e chromium liquor but was simply a mass-action effect.
In the 1980's Luck [15.16] developed a method t o improve the mass transfer of chromium into.the hide. The method depends on the use of a "self-basifying, organically masked, chromium-I11 sulfate tanning material" with the proprietary name Baychrome 2403. ,The quantity of unused chromium i n a recycle/reconstitut i o n system was compared t o a non-recycle system using Baychrome 2403. The results indicate that the unused chromium in the recycle system was 2 t o 3 . 5 kg of chromium oxide per 1,000 kg of hide. I n comparison, a 'good exhaustion" technique resulted in about 0.8 kg of chromium oxide per 1.000 kg of hide that was not being used.
I the major conclusions of Davis and Scroggie's work was t h a t poor chromium pecovem I n 1959 Petrusche [17] concluded.that ion exchange would be impractical because dilute acid solutions had t o be used in the regeneration step to prevent a breakdown of the resin.
Weber [la] calculated that recovery of chromium by samples were taken whenever possible. The s o l i d s and leather samples were digested and analyzed for chromium. The liquid samples were f i l t e r e d , t h e suspended solids content-was determined, and both fractions were analyzed f o r chromium. Measurements of liquid flow rates, solids generation rates or average weight change in a process step also were taken as needed. Other data was collected from production records, the tanning formula, and discussions with plant personnel.
DRUUS
A complete mass balance was performed f o r one production day using the collected data.
This information is summarized in Figure 3 . The r e s u l t s of these analyses revealed that, on a mass basis, the majority of the chromium not fixed in the leather product was i n the dissolved fraction of the liquid leaving the tanning drum. Host of this chromium is removed in the in-plant pretreatment system, and currently leaves that plant as sludge. The other major portion of chromium that does not end up in the finished leather is that lost in the shaving and trimming operations. The loss of chromium in these operations is roughly proportional to the weight loss of the leather. (Table 1 ). Higher pH's resulted in lower chromium concentrations but -also generated substantially greater volumes of sludge. As a part of this experiment, filter cake was dissolved with sulfuric and hydrochloric acid. Acid was added at a ratio of 1:l on a mass basis. The resulting solutions had chromium concentrations of 720 and 660 mg/L for the sulfuric and hydrochloric acids, respectively. These results are. equilvalent considering the precision of the sampling and analysis. As expected, the sulfuric acid dissolution resulted in a finely divided precipitate that was difficult to filter. such a technique might be employed to reduce the amount of chromium added. It is questionable, however, whether this reduction would offset the cost of the extraction procedure. An additional consideration is whether the high levels of organics that are solubilized in the procedure.wou1d interfere with the tanning process. 
CONCLUSIONS
Characterization of the tanning process revealed that, on a mass basis, a majority of the chromium that is lost from the.process is lost in the liquid fraction as soluble chromium. The volume of wastewater can be reduced by improving housekeeping practices. This would result in a higher concentration of.chromium in the waste treatment facility influent and, hence, improve the economics of recovery.
Only two schemes'to recover chromium from the tanning liquor appear to be technically feasible. The first is direct reuse of the chromium liquor after filtering and reconstitution as suggested by Davis and Scroggie [7] [8] [9] [10] [11] [12] . Although evaluation of this approach was beyond the experimental scope of this work, it appears to be the most economical and least complex in terms of physical/ chemical operations. In considering this approach, attention should be given to reducing the extent to which this liquor is diluted. This could be accomplished by changes in the procedures for emptying the drums and rinsing the tanning pit. In addition, more tanks may be required to implement this alternative to allow for blending, quality control checks, etc.
technique. Hydrochioric acid is better than sulfuric acid because it does not form a precipitate. It appears that virtually all of the chromium that is precipitated may be recovered. However, the concentration at which it is recovered is not any greater than that of the incoming wastewater. This implies that direct recycle (with reconstitution) is the more efficient and cost effective method. It is also obvious that the higher the concentration of chromium in the wastewater the better. Good housekeeping practices to reduce the water volume are important to the economics of either recovery process.
There also appear to be two technically feasible schemes for recovery of chromium from the solid waste streams. The first is acid extraction. but .it is doubtful that this is cost effective. Furthermore, the technique only removes approximately 30% of the chromium from shaving waste and is likely to be even less efficient with scraps. This . .
